Calcium binds cooperatively to the regulatory sites of the cardiac thin filament.
To investigate the relationship between thin filament Ca2+ binding and activation of the MgATPase rate of myosin subfragment 1, native cardiac thin filaments were isolated and characterized. Direct measurements of 45Ca binding to the thin filament were consistent with non-cooperative binding to two high affinity sites (Ka 7.3 +/- 0.8 x 10(6) M-1) and either cooperative or non-cooperative binding to one low affinity site (Ka 4 +/- 2 x 10(5) M-1) per troponin at 25 degrees C, 30 mM ionic strength, pH 7.06. Addition of a low concentration of myosin subfragment 1 to the native thin filaments produced a Ca2+-regulated MgATPase activity with Kapp (2.5 +/- 1.3 x 10(5) M-1), matching the low affinity Ca2+ site. The MgATPase rate was cooperatively activated by Ca2+ (Hill coefficient 1.8). To determine whether Ca2+ binding to the low affinity sites was cooperative, native thin filament troponin was exchanged with troponin labeled on troponin C with 2-(4'-iodoacetamidanilo)naphthalene-6-sulfonic acid. From the Ca2+-sensitive fluorescence of this complex, Ca2+ binding was cooperative with a Hill coefficient of 1.7-2.0. Using the troponin-exchanged thin filaments, myosin subfragment 1 MgATPase rate activation was also cooperative and closely proportional to Ca2+ thin filament binding. Reconstitution of the thin filament from its components raised the Ca2+ affinity by a factor of 2 (compared with native thin filaments) and incorporation of fluorescently modified troponin raised the Ca2+ affinity by another factor of 2. Stoichiometrically reconstituted thin filaments produced non-cooperative MgATPase rate activation, contrasting with cooperative activation with native thin filaments, troponin-exchanged thin filaments and thin filaments reconstituted with a stoichiometric excess of troponin. The Ca2+-induced fluorescence transition of stoichiometrically reconstituted thin filaments was non-cooperative. These results suggest that Ca2+ binds cooperatively to the regulatory sites of the cardiac thin filament, even in the absence of myosin, and even though cardiac troponin C has only one Ca2+-specific binding site. A theoretical model for these observations is described and related to the experimental data. Well-known interactions between neighboring troponin-tropomyosin complexes are the proposed source of cooperativity and also influence the overall Ka. The data indicate that Ca2+ is four times more likely to elongate a sequence of troponin-tropomyosin units already binding Ca2+ than to bind to a site interior to a sequence of units without Ca2+.